Introduction
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in males. They found no signi cant correlation between 3D linear distances, ratios , and volumes of the mouth and nose. However, their method is time consuming and has a large inter-operator error of approximately 2 mm.
Several other cross-sectional studies have published 3D normative control data. Garrahy (2002) and White (2005) examined Scottish children and infants without oral clefts. Their samples were the control groups matched with subjects with oral clefts. A 3D stereophotogrammetric assessment tool was employed for image acquisition. The assessment included angular and linear measurements, ratios , and 3D asymmetry using Generalized Procrustes Analysis (GPA). Landmark asymmetry was undertaken by applying partial Procrustes analysis and the outcome was presented as scores after scaling all the landmarks to a unit size. White (2005) reported the correlation between height, weight, head circumference , and body measurement. A limitation of their method was that it was not possible to express facial asymmetry quantitatively ( Garrahy, 2002 ; White, 2005 ) .
Recently, there has been a growing interest in the subjective and objective assessment of facial shape and form in three dimensions, by constructing average faces for normal populations using optical-laser scanner systems. ( Bo ž ic et al. , 2009 ; Gor et al. , 2010 ) . Their method described by Kau and Richmond (2008) had an image acquisition time of 7.5 seconds which could introduce errors due to movement of the subject. Each scan was generated by matching separate right and left facial scans which may affect the accuracy of the  nal image and their 3D model did not include a texture map.
Emerging developments in 3D imaging modalities and evolving technology in computer graphics have led to innovative statistical approaches that have the potential to enhance qualitative and quantitative evaluation of facial shape and form, in combination with conventional assessment tools.
This study aimed to evaluate the 3D facial shape and form of 8-to 12-year -old Caucasian children employing 3D facial measurements and to determine possible correlations with height and weight. In addition, assessment of 3D landmark asymmetry and construction of 3D photorealistic average facial models for each of the male and female subjects was carried out using a 3D non -invasive acquisition system and advanced statistical tools.
Subjects and methods
Ethical approval was granted by the Northumberland Local Research Ethics Committee (06/Q0902/36) and informed written consent was obtained from both parents/guardians and children.
The sample comprised 80 Caucasian children aged 8 -12 years from the North East of England; 39 males and 41 females. The number of males in each age group was 3 , 5 , 9 , 9, and 13 , respectively , and the number of females in each age group was 5 , 6 , 11, 10 , and 9 . The subjects were recruited from Newcastle Dental Hospital. Care was taken to ensure that the children had harmonious balanced faces with a Class I dental occlusion, competent lips, no craniofacial abnormalities, including hypodontia, and had not undergone orthodontic treatment. This sample was a control group for a larger study to evaluate the effect of oral cleft repair on facial form ( Bugaighis et al. , 2010 ) .
Recording of height and weight
The standing height (without shoes) of each child was measured in centimetres to the nearest millimetre using a portable digital height measuring scale (Soehnle Professional GmbH & Co. KG, Backnang , Germany) . The weight of children was recorded in kilograms ( kg ) to the nearest gram using a digital weighing scale re-calibrated to zero between each patient (Soehnle).
Image acquisition and processing
3D facial scans were captured using 3dMD stereophotogrammetry photographic capture equipment (3dMD, Atlanta, Georgia, USA). The subjects were seated 95 cm in front of the unit with the Frankfort plane raised upwards by 10 degrees to the horizontal to ensure a clear image of the area under the nose. The subjects were instructed to relax with their lips together if possible without straining and with their eyes open without stretching the forehead. The capture time was 2 ms , which minimi z ed changes in position or facial expression. The scan resolution was 2 megapixels. All cameras and  ashes were synchronized to capture the entire surface of the face from ear to ear. The 3dMD software generates one continuous point cloud from both sets of cameras. This reduces inaccuracy by merging the right and left camera images and point clouds.
The image was captured and transported directly to a connected computer. The software algorithm then generates the data geometry constructed from the captured point cloud.
This takes approximately about 1 minute. The captured image was composed of approximately 40 000 vertices to create a polygonal mesh model of the captured face.
Landmark identi cation
Thirty -nine anthropometric homologous landmarks were used to characterize facial and nasiolabial form ( Figure 1 ). First the landmarks ( Table 1 ) were de ned mainly based on work of Farkas (1994) and Hajeer (2003) . The landmarks were recorded using MorphAnalyser software (V 2.07) , a 3D software package developed by Tiddeman et al. (2000) . This software allows 3D visualization of faces, interactive placement of landmarks , and calculation of the x , y , and z coordinates of each landmark. From these, linear and angular measurements were calculated, 3D landmark symmetry assessed , and average faces constructed by matching corresponding surfaces between the landmarks.
A validation study found that the overall error from image acquisition, the MorphAnalyser software , and operator error was on average 0.5 mm. This value is comparable with that of other 3D morphometric validation studies ( Garrahy, 2002 ; Hajeer, 2003 ) .
3D l inear and angular measurements
MorphAnalyser software was employed to extract 3D linear and angular measurements. The linear measurements were calculated using the x , y , and z coordinates of two selected landmarks , (exR, exL) Located at the outer commissure of the eye  ssure Nasion (n) Point in the midline of the nasal root identical to hard tissue nasion Nasolabial landmarks Alare curvature (acR, acL) Most lateral point in the curved baseline of each ala Alare (alR, alL) Most lateral point on each alar contour where the nostril starts to curve laterally Columellar high point (cR, cL) Highest point on the columella crest Inner alare (ali'R, ali'L)
Inner marking level at the midportion of the alae where the thickness of each ala is measured Outer alare (alo'R, alo'L)
Outer marking level at the midportion of the alae where the thickness of each ala is measured Pronasale (prn) Most protruded point of the apex of the nose Subalare (sbalR, sbalL)
Point at the lower limit of each alar base where it joins the skin of the upper lip Subalare ′ (sbali'R, sbali'L) Point at the inner lower limit of each alar base Subnasale ( The most anterior midpoint of the chin Menton (me)
The lowest median point on the lower border of the mandible Aural landmarks Subtragion (strR, strL) Most inferior point on the anterior inferior margin of the helix attachment of the face Otobasion inferiorus (otbiR, otbiL) Most inferior point on the ear lobe at the attachment to the cheek
Figure 1
The anthropometric landmarks used in the study digitized on an average face of 30 subjects .
retaining their shape. The distance between each landmark and the corresponding re ected landmark was measured in millimetres and the asymmetry was calculated for each landmark.
Construction of average faces
An average face for males and females was constructed. This was created for each group by calculating the mean position of each vertex of each face using MorphAnalyser software. This method removes variations in translation, rotation , and scale. The software also calculates the 3D positional distribution around each surface point in the mean. Subsequently, male and female average faces were compared visually ( Figure 2 ). The female face was then superimposed on the male face by surface-based registration using GPA with 3dMD software. A colour-coded image displays the subjective differences between the two surfaces.
The descriptive statistical differences in millimetres are shown in Figure 3 . An average face of each group was constructed. The same procedure was repeated again after 1 week. Objective differences between each pair of superimposed average faces were displayed in a histogram; the average mean value, standard deviation (SD) , and the root mean square (RMS) distances were equal in both the trials. Subjectively, MorphAnalyser software displayed
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Figure 3 A colour -coded image of superimposed female control average face (difference) on the male controls average face (reference) (A) and histogram (B). The histogram shows the differences in the colour -coded images. Red represents the area were the female average face is protrusive, green retrusive , and blue no difference.
identical homogenous colours for the entire superimposed facial surfaces indicating superimposition of identical surfaces.
Shape analysis
Morphologika v2.5 software was used to carry out shape analysis. Morphologika is a validated integrated software package developed by O'Higgins and Jones (1998) . It allows geometric morphometric analysis of landmark con gurations using landmark coordinates. Differences in shape between and within groups can be explored using GPA and Principal Component Analyses (PCA).
To assess shape differences between the groups, the landmark coordinates of subjects were submitted to GPA to register the best  t by standardizing the translational and rotational differences and scaling them to a unit centroid size. The resulting shape coordinates were tangent projected to minimize the deformation of the distributions following GPA ( O'Higgins and Jones, 1998 ) and used to explore within and between gender variability. Permutation analysis was undertaken to assess statistically signi cant differences between the groups. PCA, which summarizes variation in the correlated variables in the uncorrelated axis of shape, was undertaken ( Mitteroecker et al. , 2004 ) . Shape discrimination was achieved by comparison of the full set of recorded landmarks of each subject. The 3D geometric information of the subjects in each group was retained independent of size. 
of 10 3D STUDY OF FACIAL FORM IN ENGLISH CHILDREN

Statistical analysis
The Statistical Package for Social Sciences version 15.0 (SPSS Inc. Chicago , Illinois, USA) was used for statistical analyses. Analysis of covariance (ANCOVA) was used to determine any signi cant differences in the height or weight between genders.
Linear and angular measurements
Shapiro -Wilk test was used to investigate the distribution of the data and Levene's test to explore the homogeneity of the variables. Multivariate analysis of covariance (MANCOVA) was conducted to discriminate facial linear and angular measurements and ratios between males and females for each measurement using age as the covariate. The mean, SD, and mean difference of each measurement for each gender were calculated. Pearson's correlation coef cient was used to ascertain correlations between linear and angular facial measurements and height and weight. Paired Student's t -tests were used to con rm any signi cant differences between paired facial measurements within each gender . Signi cance was set at 0.05.
MANCOVA was undertaken to examine 3D landmark asymmetry between males and females. The mean, SD , and mean difference of each landmark asymmetry of both genders were calculated.
Results
The results show ed the similarity of both genders in height, weight , and 3D landmark symmetry. Differences in linear measurements were mainly related to differences in size rather than shape and were mainly observed in width measurements. There were no signi cant differences between the mean age of males at 10.6 years (SD = 1.3) and females at 10.4 years (SD = 1.3) at P = 0.436.
ANCOVA revealed that there was no signi cant difference in height between males at 147.77 cm (SD = 10.32) and females at 147.76 cm (SD = 10.17 ; P = 0.997). Also the difference in weight between males at 42.99 kg (SD = 11.47) and females at 41.27 kg (SD = 8.93) was not statistically signi cant ( P = 0.682).
Shapiro -Wilk test revealed that the data were normally distributed. Levene's test established homogeneity of the variables. MANCOVA showed that while there were signi cant differences in all variables ( P = 0.006), there was no signi cant difference between males and females ( P = 0.120) and no signi cant association between age and variables ( P = 0.660).
Fourteen transverse facial linear measurements were found to be statistically signi cantly different between the genders. Overall, differences were mainly in facial width, with wider faces occurring in males. On the other hand, there were no signi cant differences in facial ratios or angular measurements between the groups ( P > 0.051).
Paired t -tests sh owed that most of the paired measurements were similar on both sides of the face in both genders except for one in males and three in females ( P ≤ 0.011). Left lower lip length at 23.45 mm was signi cantly greater in males than right lower lip length at 23.05 mm ( P = 0.003). Signi cant differences were observed between the following paired measurements; in females right and left nasionendocanthion widths (20.07 and 19.81 mm , respectively), right and left hemiphiltral widths (5.68 and 5.76 mm , respectively) , and right and left lower lip lengths at 23.14 and 23.51 mm , respectively ( P ≤ 0.018).
Comparison between the male and female facial measurements was as follows: signi cantly greater binocular width was found in males (87.93 mm) compared with females at 85.70 mm ( P = 0.007 ; Table 2 ). The binocular width measurement was moderately but signi cantly correlated with height and weight (0.424 and 0.490) as shown by Pearson correlation coef cient ( P ≤ 0.001). Also the right and left endocanthion-nasion widths in males, at 20.95 and 20.80 mm, were found to be greater than in females at 20.07 and 19.81 mm ( P ≤ 0.008). The correlation between these width measurements and height and weight was weak , and ranged from 0.227 to 0.296, but the correlation remained signi cant ( P ≤ 0.026). Table 2 shows similar nasolabial measurements for both genders except for the philtrum width measurements and upper cutaneous lip height. The philtrum was signi cantly wider in males at 11.01 mm compared with females at 10.52 mm ( P = 0.034). Philtrum width was weakly but signi cantly correlated to height and weight (0.287 and 0.296 ; P = 0.008). Moreover, upper cutaneous lip height was signi cantly longer in males (14.60 mm) compared with females (13.29 mm ; P = 0.001). This measurement had a non -signi cant ( P = 0.054) and weak correlation with height and weight.
Male faces were wider than females ( Table 3 ) . Signi cant differences were found between male total facial width measured from the paired subtragion and otobasion inferiorus landmarks at 134.75 and 128.73 mm , respectively , compared with females at 130.34 and 124.95 mm , respectively ( P ≤ 0.025). There were signi cant correlations between total facial width measured between the bilateral subtragion and otobasion inferiorus (0.488 and 0.539 , respectively) and weight and height (0.488 and 0.374 , respectively) at P ≤ 0.001. Furthermore, the left naso-aural width and the left subnasosubtragion width at 116.49 and 112.73 mm , respectively , in males were signi cantly greater than in females at 114.12 and 110.10 mm , respectively ( P ≤ 0.043). On the other hand , only the male's right subnasosubtragion width at 112.71 mm was signi cantly greater than females at 110.18 mm ( P = 0.035). All these midfacial width measurements were moderately to strongly correlated with height and weight (range from 0.436 to 0.568) and P < 0.001. 
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3D landmark asymmetry
There were no statistical ly signi cant differences in 3D facial landmark asymmetry ( P = 0.058), 3D landmark asymmetry between males and females ( P = 0.120) or between age and landmark asymmetry ( P = 0.568). Table 4 summarizes the asymmetry of each landmark for both genders. 3D asymmetry of facial landmarks in both groups was overall less than 2 mm. The midsagittal landmarks were less asymmetric ( ≤ 1 mm). Of 25 landmarks, the only one that was statistically signi cantly different in Table 2 Comparison of three-dimensional (3D) face height, nasal and oral measurements (SD , mm) , for males ( n = 39) and females ( n = 41). Table 3 Comparison of three-dimensional (3D) facial width measurements, angular measurements (°) , and facial ratios (% , SD) and mean difference (mm) for males ( n = 39) and females ( n = 41). 
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the level of asymmetry between genders was superior labial sulcus (males 0.59 mm, females 0.41 mm ; P = 0.034). However, the difference was only 0.18 mm. The landmarks in both genders with asymmetry greater than 1 mm were aural (subtragion and otobasion inferiorus), cheilion , and exocanthion . S ubtragion and otobasion inferiorus were asymmetric in males at 1.58 and 1.63 mm and in females at 1.67 and 1.84 mm , respectively. There were no differences in these landmark asymmetr ies between genders ( P ≥ 0.363). Exocanthion was more asymmetric in females (1.44 mm) compared with males (1.22 mm) but the difference was not statistically signi cant ( P = 0.121). Cheilion was the most asymmetric landmark in the nasolabial region in both groups at a similar level of 1.30 mm ( P = 0.651).
3D average faces of males and females
Visual comparison ( Figure 2 ) between male and female average faces showed that the average female face had a more prominent chin, a fuller upper lip, prominent zygomatic region , and a more convex pro le.
Superimposition of both faces by surface registration ( Figure 3 ) showed a more protrusive zygomatic region and cheek surface, fuller lips, protruded nasal tip , and protruded mentolabial surface in the average female face. On the other hand, the nasal bridge surface and the right and left sides of the face were very similar. The histogram displays the objective differences ( Figure 3 ) . The output illustrates that for this colour -coded image, 8536 valid distance measurements were undertaken between the superimposed average faces. The RMS of the distance measurements between both average faces was 2.350 mm with a n SD of 2.283 mm. The histogram curve was mainly blue indicating similarity between the two superimposed surfaces.
3D shape analysis
Permutation tests showed that the Procrustes distance between the mean male and female subjects was not signi cant ( P = 0.388).
The x , y , z coordinates of the landmarks of the male and female subjects included were submitted to Procrustes analysis to be translated, rotated, and scaled to best  t. Subsequently, shape differences were examined. The  rst three PCs accounted for 46 per cent of shape variation between both groups (PC1 21 per cent, PC2 14 per cent, and PC3 11 per cent ). Figure 4 shows variability within and between both groups. Plotting PC1 shape from GPA/PCA with PC2 showed that there was no clear Procrustes distance between the means of both groups and that individuals in both groups overlapped.
Discussion
Several 3D assessment tools have been employed to record 3D facial surface morphometry. Precision and accuracy are the main features required when selecting an approach for spatial data acquisition and analysis ( Farkas, 1994 ) . In this study , a 3D non-invasive imaging system acquiring an image in 2 ms was employed and validated and a combination of traditional 3D measurements and more advanced 3D shape analysis tools were used. The normative data presented is for the control group of a larger study into the affects of oral clefts. The oral cleft age group (8 -12 years old) was selected to examine the effect of primary and secondary lip and palate surgical repairs undertaken prior to the implementation of the Clinical Standards Advisory Group (1998) recommendations. The children's age range was selected so that subjects had not started signi cant orthodontic treatment yet allowed adequate growth and development to have taken place. There were dif culties in recruitment in that study due to the size and social demography of the cleft population. As the control group was matched to the cleft group , this lead to skewed numbers in the control group , which may have in uenced the outcome. However, this research contains comprehensive and innovative analytical methods that can be applied in further studies with larger sample sizes to avoid potential skew or bias of the analysis.
Both males and females had mostly similar facial form and symmetry. There were no signi cant differences in facial ratio or in any of the angular measurements, indicating similarity in shape between the genders. Signi cant differences in linear measurements were related to the larger size of males rather than differences in shape. This was con rmed by shape analysis. These results might have been in uenced by the sample age range, where each group is at a different stage of maturity. The mean age in females was on the verge of the stage of the pubertal growth spurt, whereas this was yet to occur in males. The  ndings of the study are in agreement with Ferrario et al. (1997) where similar nasal measurements were found in both males and females at 11 -12 years of age as a result of the earlier growth spurt in females. On the other hand, Ras et al. (1994) reported that 9 -year -old males had a more asymmetric nose compared with females. This difference might have occurred as a result of the method used in assessing the asymmetry in their study. Ras et al. (1994) assessed the asymmetry in their sample in relation to an assumed facial plane of symmetry constructed midway between the exocanthion landmarks.
Both males and females showed symmetric paired linear facial width measurements. The signi cant differences between the paired lip length measurements and the paired endocanthion nasion width were less than 0.5 mm , which is considered within the range of landmark reproducibility error, although there were individual cases of  uctuating asymmetry between the two facial halves. Garrahy (2002) found no signi cant differences between paired facial width measurements in 3 -year -old Scottish children using a similar 3D technique. Her examined group was much younger than that in the current study but the  ndings seem to be similar. On the other hand, Farkas and Cheung (1981) and Koff et al. (1981) reported right side facial dominance in their study groups. Also Farkas and Cheung (1981) found that the upper facial third demonstrated greater asymmetry. Furthermore, they reported that differences of up to 3 per cent in paired facial width measurements can be found in aesthetically pleasing faces. The examined groups in both former studies ( Farkas and Cheung, 1981 ; Koff et al. , 1981 ) were older and from different Caucasian populations which might have affected the outcome.
In the present study, 3D facial asymmetry was assessed by two different methods. Firstly, by comparing the 3D paired facial linear measurements. This method provided information about the difference in size between the selected landmarks but not their con guration. Therefore, comparing paired linear measurements is less informative than applying geometric morphometry. Similar paired linear measurements do not necessarily mean that the landmarks employed are symmetrical ( Shaner et al. , 2000 ; Garrahy, 2002 ) . Secondly, the degree of asymmetry of each 3D landmark was assessed by quantifying (in millimetres) the distance between each landmark and the corresponding re ected point, without relying on a symmetrical facial plane. This allowed assessment of the contribution of each facial region to the overall facial asymmetry. The asymmetry of the paired exocanthion landmarks found in this study raises questions about the validity of the method of Ras et al. (1995) of constructing a symmetric plane based on these landmarks. Garrahy (2002) and White (2005) applied partial Procrustes analysis for the evaluation of asymmetry. However, the limitation of their method was that it was not possible to express the ' asymmetry score ' quantitatively. Stauber et al. (2008) undertook a similar Procrustes analysis approach in assessing 3D landmark asymmetry in German children with anilateral cleft lip and palate, but the distance between the landmarks and the constructed facial plane was quanti ed in millimetres and not between each landmark and its re ection. This appears to be the  rst time quanti cation of 3D The  ndings of the current study ind i c a te that asymmetry is present in aesthetically pleasing faces. The midline landmarks did not coincide when the original and re ected images were superimposed. These results echo the  ndings of a number of anthropometric studies on healthy individuals ( Farkas and Cheung, 1981 ; Ferrario et al. , 1994 Ferrario et al. , , 2001 Garrahy, 2002 ) ; therefore, the use of the ' midfacial plane ' as a plane of asymmetry is not possible as it is not a true plane. This is signi cant, especially in craniofacial deformities where the assessment of facial asymmetry is one of the challenges faced by surgeons and orthodontists.
The sample was selected to have a harmonious, balanced , and aesthetically pleasing face. Analysis revealed that the mean asymmetry for all the recorded landmarks was less than 2 mm, indicating that this level of asymmetry does not in uence visual perception of facial harmony and balance. It would be interesting to investigate the relationship between the visual perception of facial harmony and the level of asymmetry in a future study.
In the current study, the 39 recorded landmarks on each facial scan were used to guide the formation of the dense correspondence between the scans in each gender, but the dense correspondence occurred between all the vertices of the image so they serve as landmarks. This aids in the precision and accuracy of the construction of the average face and keeps distortion to a minimum. In addition, it explains the display of parts of the image in which landmarks were not digitized , such as the cheeks.
The method of constructing 3D photorealistic average faces used in the present study compares favourably with other techniques reported in the literature because of the short capture time (2 ms) and the creation of each scan from one point cloud, which minimizes the introduction of errors by merging right and left shells. The construction of 3D photorealistic average faces also includes a fully texture mapped surface.
Average faces provide an interesting perspective for diagnosis, treatment planning, and comparison of facial shapes between controls and groups with craniofacial deformities. This can provide surgeons with valuable 3D templates in planning the reconstruction of craniofacial anomalies. Orthodontists could use a soft tissue reference for understanding facial soft tissue movement in relation to dentoalveolar and skeletal changes occurring with treatment and growth, in addition to predicting facial growth for every gender and age group instead of relying on 2D radiographic templates.
Superimposition of average faces offers a method of comparison of facial surface areas that cannot be achieved by other assessment techniques, such as the fuller upper lip and the prominent zygomatic region in the female average face. Also it provides a relevant tool in evaluating orthodontic and surgical procedure outcome s by superimposing pre -and post -treatment facial images. Furthermore, this method can be employed in studying longitudinal soft tissue growth changes in cohort studies.
Shape analysis was found to be highly sensitive in revealing similarity within and between genders. In applying Procrustes analysis, size is treated as a separate variable so difference in size does not in uence the outcome. Variations within and between groups can be visuali z ed in the space of the original data set which help in understanding the shape variation between and within males and females.
Conclusions
1. Soft tissue facial shape, form , and asymmetry are similar in 8-to 12 -year -old children and any differences are related to size rather than shape. The larger facial measurements correlated signi cantly with body measurements. 2. 3D studies and shape analysis allow both qualitative and quantitative assessment s of facial shape, form , and asymmetry. 
